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Abstract
In this paper, we follow a ‘bottom-up’ AdS/QCD approach to holographically probe the dynamics of a
moving qq¯ pair inside a strongly coupled plasma at the boundary. We consider a deformed AdS-Reissner
Nordstro¨m metric in the bulk in order to introduce nonconformality and finite quark density in the dual
field theory. By boosting the gravity solution in a specific direction we consider two extreme cases of
orientation, θ = 0, π/2, for the Wilson loop which in turn fixes the relative position of the qq¯ pair with
respect to the direction of boost in the plasma. By utilizing this set-up, we holographically compute the
vacuum expectation value of the time-like Wilson loop in order to obtain real part of the qq¯ potential and
the effects of nonconformality (deformation parameter c), chemical potential µ and rapidity β is observed
on this potential. We then compute the in-medium energy loss of the moving parton (jet quenching
parameter qm) by setting β → ∞ which in turn makes the Wilson loop light-like. We also use the jet
quenching as a order parameter to probe strongly-coupled domain of the dual field theory. Finally, we
compute the imaginary part of the qq¯ potential Im(Vqq¯) by considering the thermal fluctuation (arbitrary
long wavelength) of the string world-sheet.
1 Introduction
Understanding various properties of a strongly coupled (λ ≡ gYM2Nc ≫ 1) gauge theory via AdS/CFT
correspondence has been very intriguing so far. In its first avatar, the duality between a type IIB string
theory in AdS5×S5 and N = 4 SYM in (3+1)-dimensions [1], [2], provides the tool to describe a strongly-
coupled gauge theory just by choosing a proper holographic dual. Consideration of a finite temperature
gauge theory holographically demands the presence of a black hole in the gravity theory. It also states that
if the gauge theory is strongly coupled then the supergravity (holographic dual spacetime geometry) will be
weakly coupled or vice-versa [3].
On the other hand it is now a well accepted fact that in the relativistic heavy ion collider (RHIC), a new
state of matter known as quark-gluon plasma (QGP) is formed at the center of the collision [4]-[7]. The
high temperature and high density phases of QGP are dominated by quarks and gluons. It is observed
that the binding interaction of a heavy quark-antiquark (qq¯) pair is screened by the QGP which leads to
the dissociation of the heavy quarkonium [8]. It is also realized that one has to consider the motion of the
medium during the production of the qq¯ pair in the strongly coupled plasma together with the the in-medium
interaction. Observations of various paramters, namely, the study of in-medium loss of the moving partons
(jet quenching), melting of quarkonium, thermalization, and so on, has been playing key roles as observables
in the RHIC experiments and QCD. It has been observed that the nature of QGP is strongly coupled. The
only methods to study a strongly coupled phenomena in QCD are lattice simulations and effective field
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theories. A completely new approach to study strongly coupled QCD is AdS/CFT conjecture due to the
strong/weak dual mapping. In particular, the study of the the binding energy of a qq¯ (quark-antiquark)
pair, screening length, energy loss of a moving parton in the high pT limit (jet quenching) by utilizing
AdS/CFT conjecture has been a matter of growing interest in recent times. Along with these observables,
the computation of imaginary potential via gauge/gravity is also a matter of great importance from QCD
phenomenlogical point of view as it leads to the computation of the thermal width in QCD. The thermal
width plays an important role in the study of decay processes. The original calculation of qq¯ binding energy
in a supersymmetric N = 4 Yang-Mills theory via expectation value of a time-like Wilson loop was first done
in [9] which was later extended to the finite temperature case in [10]-[12]. The holographic computation of
the screening length of the moving qq¯ inside a moving hot plasma was done in [13],[14]. The observable of
in-medium energy loss of a moving parton or the jet quenching parameter was computed in [15],[16] where
it was shown that the jet quenching is related to the light-like Wilson loop. The scenario is also extended to
introduction of charged black holes in the dual geometry in order to include finite quark density in the gauge
theory. The chemical potential µ appears as the quark density operator and according to the AdS/CFT
conjecture, a operator in the boundary field theory is dual to a gauge field in the bulk. This motivates
to include a U(1) gauge field in the Einstein-Hilbert action of the gravity which leads to the well-known
solution AdS Reissner Nordstrom black hole [18]-[20]. The holographic study of jet quenching parameter
has been generalized to various dual geometries [21]-[27] in accordance to the property of the boundary
gauge theory. In [28], it was shown that the jet quenching parameter can be treated as an order parameter
to decide whether a theory is strongly-coupled or weakly-coupled.
The computation of imaginary potential via thermal fluctuation of the string world-sheet was first shown
in [29] in which it was also shown that imaginary part of the qq¯ potential leads to the thermal width by
considering a Coulombic wave-function. Some important studies on imaginary qq¯ potential can be found in
[30]-[35].
However, if a theory is nonconformal, the choice of a geometry which shall be dual to a strongly coupled
QCD is somewhat tricky. In this paper we follow an ‘bottom-up’ approach of AdS/QCD correspondence.
We use the soft-wall (SWT,µ) geometry in which the overall metric is multiplied with warp factor (quandratic
dilaton) in order to probe more realistic picture of QCD. These type of models [36]-[39] were introduced
in order to emulate confinement at zero temperature and have achieved considerable success in describing
various aspects of hadron physics. The SWT,µ model mentioned in this paper, also introduces finite quark
density in the dual field theory due to the presence of chemical potential µ. In [39] the free energy of
a moving qq¯ pair and QCD phase diagram is computed by utilizing this dual geometry and gauge/string
duality.
The paper is organized as follows. In section(2) we breifly discuss the dual geometry (SWT,µ) and introduce
Lorentz boost to the metric in order probe a moving qq¯ pair. Furthermore, we choose two extreme cases for
the orientation of the qq¯ pair, parallel to the direction of boost (θ = 0) and perpendicular to the direction
of boost (θ = π/2). In section (3), we compute the screening length and real qq¯ potential for both θ = 0
and π/2. We represent the results graphically. In section(4), we compute the jet quenching parameter for
SWT,µ model and study the effects of chemical potential, nonconformality on it. The computation of the
imaginary potential is done in section(5) and the results are represented graphically. Finally, we conclude
in section(6). We also have an appendix.
2 Soft-wall dual geometry model
We start from the dual geometry in order to represent the basic characteristics of the boundary SU(N)
gauge theory in the large N limit. The motivation is to study the dynamics of a moving qq¯ pair in a
nonconformal, strongly coupled Yang-Mills theory with finite quark density. The study of such a strongly
coupled Yang-Mills theory, namely QCD, is in general a difficult problem. However, the gauge/gravity
correspondence, also known as the AdS/CFT duality, tries to provide a solution to this difficult problem
by means of a gravitational dual in a higher dimensional spacetime. Since QCD is nonconformal, the dual
model should also have conformal invariance to be broken. Further, it is known in QCD that the effect of
finite quark density gets incorporated by augmenting the Lagrangian density by the term JD = µψ
+(x)ψ(x),
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where µ is the chemical potential and acts as the source of the quark density operator. According to the
AdS/CFT duality, the source of a QCD operator is the boundary value of a dual field in the bulk. Hence,
the chemical potential can be considered as the boundary value of the time component of a U(1) gauge field
Aµ (µ = 0, 1, ..., 4) dual to the vector quark current.
To begin with, we write down the bulk action dual to a (3+1)-dimensional gauge theory with finite chemical
potential µ
SBulk =
1
16πG5
∫
d5x
√−g(R− 2Λ− 1
4
FµνF
µν) . (1)
The above action leads to the following equation of motion
Rµν − 1
2
(R− 2Λ)gµν = gαβFαµFβν − 1
4
gµν(F
ρηFρη) (2)
∂α
(√−ggµαgνβFαβ) = 0 (3)
where
Fµν = ∂µAν − ∂νAµ (4)
is the Maxwell field strength tensor and Aµ represents the U(1) gauge field in the bulk. The solution of the
equation of motion given in eq.(2) leads to the AdS4+1 Reissner-Nordstro¨m spacetime, which can be written
down in the planar coordinates as
ds2 =
r2
R2
[− f(r)dt2 + d~x2]+ R2
r2f(r)
dr2 (5)
where f(r) is given by
f(r) = 1− (1 +Q2)(rh
r
)4 +Q2(
rh
r
)6 (6)
with rh representing the event horizon of the black hole.
The boundary value of the time component of the U(1) gauge field Aµ is considered to be the chemical
potential in the boundary SU(N) theory. The time component of the gauge field Aµ can be expressed as
At = µ
(
1− r
2
h
r2
)
. (7)
This vanishes at the event horizon r = rh of the black hole and by using this boundary condition we can
relate the charge of the black hole Q with the chemical potential µ as
Q =
µR2√
3rh
. (8)
Eq.(8) relates the charge of the black hole Q to the chemical potential µ which is measure of the finite quark
density in the dual field theory. By using eq.(8), we can write the Hawking temperature of the black hole
in terms of the chemical potential µ as
TH =
rh
π
(
1− µ
2R4
6r2h
)
. (9)
With the help of eq.(9) we can express the event horizon radius rh in terms of the chemical potential µ and
Hawking temperature TH as
rh = TH
[
π
2
±
√
π2
4
+
1
6
(
µ
TH
)2
]
. (10)
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The conformal invariance in the boundary field theory can be holographically broken by introducing a warp
factor h(r) in the metric (5). This leads to a class of one-parameter deformed soft-wall models (SWT ). In
this work, we also include finite quark density in these soft-wall models, namely, soft-wall models with finite
µ (SWT,µ). These have the following metric [36],[39]
ds2 =
r2h(r)
R2
[− f(r)dt2 + d~x2]+ R2h(r)
r2f(r)
dr2 ; h(r) = exp
(
C2
r2
R4
)
(11)
where C represents the deformation parameter having the dimension of energy. As there is only one defor-
mation parameter to incorporate nonconformality, we shall call it a class of one-parameter SWT,µ models.
The knowledge of lattice field theory suggests that the range 0 ≤ CT ≤ 2.5 is the relevant region to compare
SWT,µ models with QCD [41]. We shall use this relevant region of
C
T through out this work. It is to be
noted that in the limit C → 0, we obtain the usual Reissner-Nordstro¨m metric in the bulk.
The scenario of a moving qq¯ pair can be understood from a frame in which the plasma is at rest and the
dipole qq¯ is moving. Equivalently, we can boost to a reference frame in which the qq¯ dipole is at rest but
the finite temperature plasma is moving. In this set up, a Lorentz boost to the reference frame in the x1
direction with the rapidity β which can be expressed as
dt = cosh β dt′ − sinh β dx′1
dx1 = − sinhβ dt′ + cosh β dx′1 .
The qq¯ is at rest and feels a hot plasma wind as the plasma is moving with a velocity v = tanh β in the −x′1
direction. The metric given in eq.(11) reads in the booted coordinates (t′, x′1) reads
ds2 = −r2h(r)[f(r) cosh2 β − sinh2 β]dt2 + r2h(r)[ cosh2 β − f(r) sinh2 β]dx21
+r2h(r)
[
dx22 + dx
2
3
]
+
h(r)
r2f(r)
dr2 − 2r2h(r) cosh β sinhβ[1− f(r)]dtdx1 (12)
where we set AdS radius R = 1 and dropped the primes (′) in the coordinates for the sake of simplicity.
Keeping in mind the presence of boost, we choose two for the qq¯ pair orientation:
(i) θ = 0 : qq¯ dipole is parallel to the direction of boost
(ii) θ =
π
2
: qq¯ dipole is perpendicular to the direction of boost .
In the following section we use this geometry to compute the screening length and the real part of the qq¯
potential in a nonconformal plasma with finite density properties.
3 Screening length and real part of the qq¯ potential
In this section, the real part of the qq¯ potential is evaluated holographically by computing the expectation of
Wilson loop on a rectangular contour C [9]. The vacuum expectation value (VEV) of a rectangular Wilson
loop in the limit τ →∞ reads
〈W [C]〉 = e−iVqq¯(L)T (13)
where Vqq¯(L) represents the real part of the qq¯ potential.
In the holographic prescription, the expectation value of the rectangular Wilson loop is computed by probing
a string in the gravity background. We assume the string to move in the direction t with a velocity v
(0 < v < 1) and the endpoints of the strings lies in the xn direction (n depends upon the choice of the
orientation of the qq¯ pair with respect to the direction of the boost) with a spatial separation L. The end
points of this open string represents the quarks in the plasma. The length of this rectangular Wilson loop
is specified as T and L in the directions t and xn respectively. Furthermore, it is to be noted that L ≪ T
so that the string worldsheet remains time translational invariant. With this rectangular contour C (T −L)
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in place, the Nambu-Goto action of the fundamental probe which in this case is open string is computed.
This is related to the expectation value of the Wilson loop (in the supergravity limit) as [9],[10]
〈W [C]〉 = e−iSI (14)
where SI is the regularized Nambu-Goto action of the open string.
3.1 qq¯ pair is parallel to the boost direction (θ = 0)
To begin our study, we first choose xn to be x1. This choice phyically represents the fact that the qq¯ pair is
oriented along the direction of the boost which in turn also specifies that the Wilson loop lies in the t− x1
plane.
The Nambu-Goto string world-sheet action reads
SNG =
1
2πα′
∫ √−detgαβ dσdτ (15)
where gαβ is the induced metric on the target space given by
gαβ = Gρη
∂xρ
∂ξα
∂xη
∂ξβ
; xρ(σ, τ) ≡Worldsheet embedding coordinates (16)
Gρη in the above relation represents the metric given in eq.(12). The static gauge σ = x1, τ = t and r = r(σ)
is chosen to represent the parallel orientation of the qq¯ pair. We also require boundary conditions. The
open string with profile r = r(σ) has the following boundary conditions
r(σ ≡ x1 = ±L
2
) =∞ . (17)
With the above set up in place, we compute the Nambu-Goto action. This reads
SNG =
T
2πα′
∫ +L/2
−L/2
dσL(r, r′) = T
πα′
∫ L/2
0
dx1
√
A(r) +B(r) r′2 (18)
where
A(r) = r4h2(r)f(r)
B(r) =
h2(r)
f(r)
(
f(r) cosh2 β − sinh2 β)
r′ ≡ dr
dσ
. (19)
The Lagrangian L(r, r′) leads to the following Hamiltonian obtained by a Legendre transformation
L− r′ ∂L
∂r′
=
A(r)√
A(r) +B(r)r′2
≡ H = Constant . (20)
Now the condition for the turning point (furthest part of the U-shaped string profile) of the open string
reads
dr
dσ
= 0 at r = rt (21)
where r = rt is the turning point of the U-shape string profile inside the bulk. This fixes the constant to be
H =
√
A(rt); A(rt) ≡ A(r = rt) . (22)
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This leads to
dr
dσ
=
√
A(r)
B(r)
√[
A(r)
A(rt)
− 1
]
=
r2f(r)√
f(r) cosh2 β − sinh2 β
√[
r4h2(r)f(r)
r4t h
2(rt)f(rt)
− 1
]
. (23)
Integrating eq.(23) and using the boundary condition 17, we obtain the screening length L as
L = 2r2t h(rt)
√
f(rt)
∫ ∞
rt
√
f(r) cosh2 β − sinh2 β
r4f(r)h(r)
√
f(r)− ( rtr )4(h(rt)h(r) )2f(rt)
dr . (24)
It is important to note that drdσ encounters a singularity at r = rc given by
f(rc) cosh
2 β − sinh2 β = 0 . (25)
Presence of this singular point rc restricts the domain of values for the turning point rt since rt < rc will
lead to a problem in obtaining the screening length L. So the turning point rt must satisfy the condition
rt > rc so that we get a physically relevant value for the screening length L [22]. This condition for the
turning point rt further imposes the condition (since f(r) monotonically increasing function of r)
f(rt) cosh
2 β − sinh2 β > 0 .
This can be further simplified as
f(rt) > tanh
2 β . (26)
This constraint will be taken into account through out the subsequent study. Defining rtr = u and
rh
rt
= α
eq.(24) takes the form
LT = 2
( α
tµ
)√
f(α)
∫ 1
0
du
u2 exp[( αtµ )
2(CT )
2(1− u2)]
√
f(u) cosh2 β − sinh2 β
f(u)
√
f(u)− u4f(α) exp[2( αtµ )2(CT )2(1− u2)]
. (27)
where
rh = T
[
π
2
+
√
π2
4
+
1
6
(
µ
T
)2
]
≡ T tµ
f(u) = 1−
[
1 +
1
3tµ2
(
µ
T
)2]
α4u4 +
1
3tµ2
(
µ
T
)2
α6u6
f(α) = 1−
[
1 +
1
3tµ2
(
µ
T
)2]
α4 +
1
3tµ2
(
µ
T
)2
α6 . (28)
Note that the guage/gravity duality dictionary is used to denote the Hawking temperature of the black hole
TH as the temperature T of the plasma. Now substituting r
′ in the Nambu-Goto action (18), we obtain
SNG =
T
πα′
∫ L/2
0
dr
h(r)
√
f(r) cosh2 β − sinh2 β√
f(r)− ( rtr )4(h(rt)h(r) )2f(rt)
. (29)
Once again setting rtr = u and
rh
rt
= α, the string world-sheet action takes the form
SNG =
T
πα
√
λ T tµ
∫ 1
0
du
exp[( αtµ )
2(CT )
2(1− u2)]
√
f(u) cosh2 β − sinh2 β
u2
√
f(u)− u4f(α) exp[2( αtµ )2(CT )2(1− u2)]
. (30)
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In writing down the above expression, we have used the gauge/gravity dictionary to relate the t’Hooft
coupling constant with the string tension as
√
λ =
1
α′
. (31)
The above string action is divergent as it contains the self-energy contribution from the qq¯ pair, in order to
regularize it, we need to substract the self energies of the two individual quarks. The self energy term S0
reads
S0 =
τ
πα′
∫ ∞
rh
√−gttgrr|r→∞ dr (32)
where the metric components gtt and grr are given by
gtt = −r2h(r)
[
f(r) cosh2 β − sinh2 β]
grr =
h(r)
r2f(r)
. (33)
Substracting eq.(32) from eq.(30) we obtain the regularized open string action reads
SI =
T
πα
√
λ T tµ
(∫ 1
0
1
u2
[exp[( αtµ )2(CT )2(1− u2)]
√
f(u) cosh2 β − sinh2 β√
f(u)− u4f(α) exp[2( αtµ )2(CT )2(1− u2)]
− 1
]
du− 1 + α
)
. (34)
This leads to the Real part of the qq¯ pair potential to be
Re
(
Vqq˘
)
√
λT
=
(
tµ
α
)(∫ 1
0
1
u2
[exp[( αtµ )2(CT )2(1− u2)]
√
f(u) cosh2 β − sinh2 β√
f(u)− u4f(α) exp[2( αtµ )2(CT )2(1− u2)]
− 1
]
du− 1 + α
)
. (35)
The above expression represents the effects of the chemical potential µ, rapidity β and nonconformality CT
on the real part of the qq¯ pair potential moving along the direction of the Lorentz boost.
We shall now compute the same for the θ = pi2 scenarion which represents the moving qq¯ pair in the direction
perpendicular to the Lorentz boost.
3.2 qq¯ pair is perpendicular (transverse) to the boost direction (θ = pi
2
)
In this case, we choose the following parametrizations for the string action
σ = x3, τ = t, r = r(σ)
x2 = x1 = constant.
Now the open string action reads
SNG =
T
2πα′
∫ +L/2
−L/2
dσL(r, r′) ≡ T
πα′
∫ L/2
0
dx3
√
A(r) +B(r) r′2 (36)
where
A(r) = r4h2(r)
(
f(r) cosh2 β − sinh2 β)
B(r) =
h2(r)
f(r)
(
f(r) cosh2 β − sinh2 β)
r′ =
dr
dσ
. (37)
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Similar to the parallel case of orientation, the Lagrangian L(r, r′) leads to the following Hamiltonian
H ≡ L− r′ ∂L
∂r′
= h(r)
A(r)√
A(r) +B(r)r′2
= Constant . (38)
Now by using the above Hamiltonian and the boundary condition for the turning point (r′ = 0 at r = rt)
we obtain
dr
dσ
=
√
A(r)
B(r)
√(
h(r)
h(rt)
)2 A(r)
A(rt)
− 1 (39)
where h(rt) = h(r)|r=rt . By integrating the above expression, we obtain the screening length LT to be
LT = 2
( α
tµ
)√
f(α) cosh2 β − sinh2 β
∫ 1
0
du
u2 exp[( αtµ )
2(CT )
2(1− u2)]√
f(u)
√
f(u) cosh2 β − sinh2 β − u4(f(α) cosh2 β − sinh2 β) exp[2( αtµ )2(CT )2(1− u2)]
(40)
and the real part of the qq¯ pair potential to be
Re
(
Vqq˘
)
√
λT
=
(
tµ
α
)
×
(∫ 1
0
du
u2
[ exp[( αtµ )2(CT )2(1− u2)](f(u) cosh2 β − sinh2 β)√
f(u)
√
f(u) cosh2 β − sinh2 β − u4(f(α) cosh2 β − sinh2 β) exp[2( αtµ )2(CT )2(1− u2)]
−1
]
− 1 + α
)
. (41)
In the above expressions we have defined rtr = u and
rh
rt
= α. The expressions for the qq¯ separation length L
(eq.(s)(27, 40)) and also the expressions for the real qq¯ pair potential (eq.(s)(35, 41)) can not be computed
analytically. Hence, we study them numerically to see the effects of rapidity β, nonconformality CT and
chemical potential µ. We do this in the next section. Interestingly, we observe that in the perpendicular
case there is no constraint on the turning point rt unlike the parallel case.
3.3 Numerical analysis and observations
In this subsection we shall carry out a in numerical anlysis in order to draw proper conclusions. We
have cast the expressions for screening lengths and potentials for both perpendicular and parallel cases
in a dimensionless form in order to avoid any ambiguity in the analysis. In the dimensionless form, the
deformation parameter C which have the dimension of energy, now becomes CT and is the same for the
chemical potential µ which we shall treat as µT .
In Fig.(1) we probe the effect of rapidity β on Re(Vqq¯). In both cases (θ = 0 and π/2), we set the values
µ
T = 1 and
C
T = 2.5. For θ = 0, we see that presence of the constraint on the turning-point rt of the U-shaped
string profile restricts the domain for Re(Vqq¯) whenever β 6= 0. In both cases (θ = 0 and π/2), it is observed
that with the increasing value of β, the value of Re(Vqq¯) decreases. It is also to be observed that for θ = π/2
scenario, the effect of rapidity on Re(Vqq¯) is more prominent. The value of LTmax in both cases shows a
strong difference and it can be observed for any curve representing a particular value of β. For β = 1 curve,
the value of LTmax ≈ 0.25 for θ = 0 case and in case of θ = pi2 , it is LTmax ≈ 0.22.
The curve for β = 0 in both the plots represents the potential for heavy qq¯ pair (at rest) in presence of
chemical potential µ and warp factor C.
In Fig.(2), we have shown the effect of chemical potential µ on the real potential of a moving qq¯ pair in the
presence of nonconformality. It can be observed that, similar to the effect of rapidity β, with increase in µ,
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Figure 1: Effect of the rapidity β on the real qq¯ potential.
-5
-4
-3
-2
-1
 0
 1
 0  0.05  0.1  0.15  0.2  0.25  0.3
R
e 
(V
)/(
λ0
.5
 
T)
LT
β=1.0,C/T=2.5
µ/T=0
µ/T=2
µ/T=3
µ/T=5
θ = 0 : parallel case
-5
-4
-3
-2
-1
 0
 1
 0  0.05  0.1  0.15  0.2  0.25  0.3
R
e 
(V
)/(
λ0
.5
 
T)
LT
β=1,C/T=2.5
µ/T=0
µ/T=2
µ/T=3
µ/T=5
θ = pi
2
: perpendicular case
Figure 2: Effect of the chemical potential µ on the real qq¯ potential.
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Figure 3: Effect of the nonconformality on the real qq¯ potential.
the value of Re(Vqq¯) decreases. The constraint on the turning-point rt plays its role in θ = 0 case. The curve
for µT = 0 represents the plasma without chemical potential in both cases (θ = 0 and π/2). It is also to be
observed that in perpendicular case (θ = pi2 ), the value of LTmax ≈ 0.226 for the curve µT = 0 but in case
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of the parallel scenario, LTmax ≈ 0.258. By comparing Fig.(1) and Fig.(2), we can observe that, the value
of LTmax decreases more abruptly when we increase β rather than the case when we increase µ. In Fig.(3),
we observe the effect of nonconformality on the real part of the qq¯ potential. In both cases (θ = 0, π/2),
the value of LTmax increses with the increase in the value of the deformation parameter C. In SWT,µ with
deformation CT = 2.5, the value of LTmax ≈ 0.2518 for θ = 0 and for θ = π/2, LTmax ≈ 0.2207. For θ = 0,
we again observe that the constraint on the turning point rt plays its role.
4 Jet quenching parameter (qm) in the strong coupling limit of the field
theory
We have seen that the presence of Lorentz boost has led us to two different choices for the motion of the
qq¯ pair. Another fascinating phenomena can be observed in the limit β →∞, namely, the jet quenching of
partons. Jet quenching represents the relativistic profile of the partons in strongly coupled plasma and is
the property of the medium which probes the energy loss of the moving partons due to gluon radiation in
the moving medium. In this limit (β → ∞) the rectangular Wilson loop becomes light-like. This can also
be done by writing down the metric in the lightcone coordinates [15]. Note that the rapidity β is related
with the velocity as
v = tanh β (42)
and hence in the limit β →∞ one obtains v = 1. Before we proceed to calculate the jet quenching parameter,
we perform a small simplication in the concerned spacetime metric. The metric coefficient gtt in the meric
(12) reads
gtt = r
2h(r)
[
f(r) cosh2 β − sinh2 β
]
; f(r) = 1− (1 +Q2)(rh
r
)4 +Q2(
rh
r
)6 .
Now, in the computation of the jet quenching parameter (qm) we need to take the limit β →∞ which can
be confusing with the current expression for gtt in hand. This motivates us to simplify gtt as
gtt = r
2h(r)
[
cosh2 β − sinh2 β −
[
(1 +Q2)(
rh
r
)4 −Q2(rh
r
)6
]
cosh2 β
]
≡ r2h(r)
[
1− aQ(r) cosh2 β
]
(43)
where
aQ(r) = (1 +Q
2)(
rh
r
)4 −Q2(rh
r
)6 . (44)
Now it can easily be observed from eq.(43) that gtt ≪ 1 in the limit β →∞. This leads to the open string
action
SNG =
iτ
πα′
∫ 0
−L/2
L(r, r′) dσ . (45)
where the lagrangian L(r, r′) is a real quantity and reads
L(r, r′) = r2h(r)
√(
1 +
r′2
r4f(r)
)(
aQ(r) cosh
2 β − 1
)
. (46)
Here we have used the fact that in the β →∞ limit, aQ(r) cosh2 β >> 1.
The associated Hamiltonian reads
H = L(r, r′)− r′∂L(r, r
′)
∂r′
= r2h(r)
[√aQ(r) cosh2 β − 1√
1 + r
′2
r4f(r)
]
= constant ≡ γ . (47)
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Solving eq.(47) for r′ gives
dr
dσ
=
r4h(r)
√
f(r)
γ
√
aQ(r) cosh
2 β − 1
[
1− γ
2
r4h2(r)(aQ(r) cosh
2 β − 1)
]1/2
. (48)
To have real values of r in the lage β limit, condition that must be satisfied reads
γ < r2h(r)
√
aQ(r) cosh
2 β − 1 . (49)
Keeping the dominant contribution of γ, we obtain
dr
dσ
≈ r
4h(r)
√
f(r)
γ
√
aQ(r) cosh
2 β − 1 . (50)
Integrating eq.(50) we obtain,
L = 2γ
∫ ∞
rh
dr
r4h(r)
√
f(r)
√
aQ(r) cosh
2 β − 1
. (51)
By using eq.(51), we obtain the constant γ in terms of the qq¯ separation length L to be
γ =
L
2
r3h
[ ∫ 1
0
u2 du
exp((CT )
2( utµ )
2)
√
f(u)
√
aQ(u) cosh
2 β − 1
]−1
(52)
where we have defined
rh
r
= u
f(u) = 1−
[
1 +
1
3tµ2
(
µ
T
)2]
u4 +
1
3tµ2
(
µ
T
)2
u6
aQ(u) =
[
1 +
1
3tµ2
(
µ
T
)2]
u4 − 1
3tµ2
(
µ
T
)2
u6 .
Substituting drdσ given in eq.(50) into the Nambu-Goto action, we obtain
SNG =
iτ
πα′
∫ ∞
rh
dr
h(r)
√
aq(r) cosh
2 β − 1√
f(r)
×
[
1 +
γ2
r4h2(r)(aq(r) cosh
2 β − 1)
]1/2
. (53)
From the condition expressed in eq.(49), we know that γ is a small parameter and therefore we can expand
the open string action given in eq.(53) in powers of γ as
SNG ≈ i
√
λτ
π
∫ ∞
rh
h(r)
√
aq(r) cosh
2 β − 1
f(r)
dr + γ2
i
√
λτ
2π
∫ ∞
rh
dr
r4h(r)
√
f(r)
√
aq(r) cosh
2 β − 1
+O(γ4)
≈ S0 + γ2SI + ... . (54)
It can be observed that in the limit γ → 0, the Nambu-Goto action SNG = S0 which is the self energy of
two quarks in moving in the plasma. S0 can also be realized as the area of two disjoint world-sheets. Now
subtracting the self energy term S0 from the Nambu-Goto action, we obtain the regularized open string
action given by
Sreg = SNG − S0 ≈ γ2SI . (55)
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By introducing rhr = u, we simplify the above regularized Nambu-Goto action as
Sreg = γ
2 iτ
√
λ
2πr3h
∫ 1
0
u2 du
exp((CT )
2( utµ )
2)
√
f(u)
√
aq(u) cosh
2 β − 1
=
iL2
√
λτ
8π
r3h
[ ∫ 1
0
u2 du
exp((CT )
2( utµ )
2)
√
f(u)
√
aq(u) cosh
2 β − 1
]−1
(56)
where we have substituted the value of γ from eq.(52) in order to express the regularized action in terms of
the qq¯ separation length L. With the regularized action in hand, we now take the limit β →∞ to make the
rectangular Wilson loop light-like. This yields
SReg =
iL2
√
λr3h
8π
(τ cosh β)
[ ∫ 1
0
u2
exp((CT )
2( utµ )
2)
√
f(u)
√
aq(u)
×
√
1− 1
aq(u) cosh
2 β
du
]−1
≈ iL
2
√
λr3h
8π
(τ cosh β)
[ ∫ 1
0
u2
exp((CT )
2( utµ )
2)
√
f(u)
√
aq(u)
du
]−1
(57)
where we keep only the dominating term in β.
By identifying the transverse screening length of a moving qq¯ pair as [16]
τ cosh β =
L−√
2
(58)
we write down the regularized action in the final form as
Sreg =
iL−L2
√
λr3h
8
√
2π
[ ∫ 1
0
u2 du
exp((CT )
2( utµ )
2)
√
f(u)
√
aq(u)
]−1
. (59)
The standard relation between the regularized string world-sheet area and jet quenching parameter qm reads
〈W [C]〉 = e2iSreg ≈ e−
qm
4
√
2
L−L2
. (60)
By substituting eq.(59) in eq.(60) we obtain the jet quenching parameter qm to be
qm =
√
λr3h
π
[ ∫ 1
0
u2 du
exp((CT )
2( utµ )
2)
√
f(u)
√
aq(u)
]−1
=
√
λ
π
[
π
2
+
√
π2
4
+
1
6
(µ
T
)2]3
T 3
[ ∫ 1
0
u2 du
exp((CT )
2( utµ )
2)
√
f(u)
√
aq(u)
]−1
. (61)
The above expression for qm is given completely in terms of the boundary field theoretical parameters which
are temperature T , chemical potential q and warp factor C. In the limit µT → 0 and CT → 0, we obtain
qm = π
3/2Γ[
3
4 ]
Γ[54 ]
√
λT 3 (62)
which is the well-known qm parameter of a qq¯ pair in a N = 4 super Yang-Mills plasma.
The plot in the left panel of Fig.(4) represents the behaviour of the jet quenching parameter qm with respect
to the chemical potential µ for both with and without nonconformality. It is to be observed that, in both
cases the value of qm increases with the increase in the value of chemical potential. In the right panel
of Fig.(4) we depict the effect of nonconformality on the jet quenching for a chosen value of the chemical
potential. It is observed that for lower value of the deformation parameter (CT ) the value of jet quenching
remains almost same. However, at higher values of deformation parameter (CT > 1) the effect on the jet
quenching is much more pronounced and similar to the chemical potential, it also increases the amount of jet
12
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Figure 4: Behaviour of the qm parameter in presence of nonconformality and chemical potential.
quenching. The above plots suggest that the presence of non-zero chemical potential and nonconformality
enhances the in-medium energy loss in the high pT region which can be tested via the RHIC experiments.
In the limit µT → 0 the above discussion qualitatively matches with the results obtained in [41]. Recent
observations made in RHIC shows that after collison, QGP expands and the jet quenching decreases with
decrease in temperature and the observed values for the jet quenching parameter is 5−15 GeV2/fm [42]-[44].
We can compare our results with this observed value for qm. In the left panel of Fig.(5), we plot the jet
quenching parameter with respect to the temperature at the conformal limit (c→ 0). From this we observe
that our result agrees with RHIC in the range 0.62 ≤ T ≤ 0.9 GeV for µ = 0 GeV, 0.59 ≤ T ≤ 0.88 GeV
for µ = 1 GeV and 0.5 ≤ T ≤ 0.81 GeV for µ = 2 GeV. This observation in turn reveals that increase in
the finite quark density in the strongly coupled plasma produces the observed values of jet quenching at
relatively lower value of the temperature region. In the right panel of Fig.(5), we plot it for c = 2.5 × T
GeV. Similar to the effect of the chemical potential µ, deformation parameter c (nonconformality) further
lowers the required temperature region in order to observe the obtained RHIC values for jet quenching.
 0
 5
 10
 15
 20
 0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  1
q m
 
(G
eV
2 /f
m
)
T (GeV)
µ=0.0 GeV
µ=1.0 GeV
µ=2.0 GeV
c = 0
 0
 5
 10
 15
 20
 0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  1
q m
 
(G
eV
2 /f
m
)
T (GeV)
µ=0.0 GeV
µ=1.0 GeV
µ=2.0 GeV
c = 2.5 × T GeV
Figure 5: Jet-quenching parameter qm vs temperature at various values of µ.
Another thing that we would like to discuss in this section is to exploit the relation between qm and shear
viscosity to entropy density ratio (ηs ) in order to probe the strength of the coupling in the strong coupling
limit. In [28], it is conjectured that in the strong coupling limit (large N limit), the shear viscosity to
entropy density ratio shows the following behaviour
η
s
≫ K . (63)
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On the other hand in the weakly coupled limit (quasiparticle dominated quark-gluon plasma)
η
s
≈ K (64)
where K = 1.25T 3qm and in the strongly-coupled limit,
η
s has the well-known form [45]
η
s
=
1
4π
[
1 +
135ξ(3)
λ3/2
+ ...
]
. (65)
The above relations suggest that the quantity K can be treated as a order parameter which probes the
behaviour of the coupling constant of the gauge theory as the gauge theory must obey the condition ηs ≈ K
in order to be a strongly coupled one.
By substituting the jet quenching parameter (qm) of strongly coupled N = 4 SYM given in eq.(62) in eq.(63),
one obtains [28]
0.166√
λ
≪ η
s
(66)
where λ≫ 4.3537 in order to sustain the strongly coupled behaviour of the finite temperature field theory.
On a similar note, we substitute our result for qm in eq.(63) and obtain
η
s
≫ 1.25 π√
λ
1[
pi
2 +
√
pi2
4 +
1
6 (
µ
T )
2
]3
∫ 1
0
u2 du
exp((CT )
2( utµ )
2)
√
f(u)
√
aq(u)
. (67)
where λ≫ 2.5632 for µT ≥ 0 and we set the deformation parameter CT = 2.5.
This suggests that if the conformal invariance in the gauge theory is broken the minimum value for the
t’Hooft coupling constant changes or more precisely, λ reduces with increasing CT .
5 Imaginary part of the qq¯ pair potential
In this section, we compute the imaginary part of the qq¯ pair which arises due to the thermal fluctuation
δr(x) of the world-sheet around the classical string configuration rc(x) at some finite temperature [29]. The
fluctuations are of the form
r(x) = rc(x) + δr(x) (68)
with the boundary conditions δr(x = ±L2 ) = 0. For the sake of simplicity, we assume the fluctuations δr(x)
is to be of arbitrary long wavelength,i.e. dδr(x)dx → 0. In the semiclassical approximation, the string partition
taking into account the fluctuation reads
Zstring ≈
∫
Dδr(x)eiSNG(rc(x)+δr(x)) . (69)
We now discritize the above string partition function in the limit −L2 ≤ x ≤ L2 by considering 2N points
xk = k∆x with the difinition k = −N, −N + 1, ...,+N and ∆x = L2N . By using these, we obtain
Zstring ≈ lim
N→∞
∫
d[δ(x−N )]...d[δ(x+N )] exp(
iτ∆x
2πα′
∑
k
√
A(rk) +B(rk)r
′
k
2 ) (70)
where rk ≡ r(xk) and r′k ≡ r′(xk). The thermal fluctuations are more prominent around x = 0 where r = rt.
The turning point r = rt denotes the closest point to the event horizon of the U-shaped string profile.
Keeping in mind the importance of the turning point r = rt, we expand rc(xk) around x = 0. Keeping terms
upto second order in xk we get
rc(xk) ≈ rc(x = 0) + r′c(x = 0)xk +
1
2
r′′c (x = 0)x
2
k
≈ rt + 1
2
r′′c (x = 0)x
2
k (71)
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where we have used the following definitions of the turning point rt
rc(x = 0) ≡ rt; r′c|rc=rt = 0 . (72)
On the other hand, the expansions for A(rk) and B(rk) yields
A(rk) ≈ At +A′tδr +
1
2
A′tr
′′
c (x = 0)x
2
k +
1
2
A′′t δr
2
B(rk) ≈ Bt
where At ≡ A(rt) and Bt ≡ B(rt). In the above expansions we have kept terms upto second order in xmk δrn
(m + n ≤ 2). Substituting the above expanded forms in the Nambu-Goto action, given in the exponential
of eq.(70), we obtain
SkNG ≡
τ∆x
2πα′
√
A(rk) +B(rk)r
′
k
2
=
τ∆x
2πα′
√
D1x2k +D2 (73)
where
D1 =
r′′c (0)
2
[2Btr
′′
c (x = 0) +A
′
t]
D2 = At + δrA
′
t +
1
2
δr2A′′t .
It is to be noted that if the function inside the square root of the above string action is negative then it will
contribute to the imaginary part of the qq¯ potential. The relevant domain for the integral in the parition
function will be defined by the roots of the function inside the square root which is given in eq.(74). This
leads to the kth component of the integral given as
Ik ≡
∫ δrmax
k
δrmin
k
d(δrk) exp
(
iτ∆x
2πα′
√
D1x
2
k +D2
)
(74)
where δrmink and δr
max
k are the roots of D1x
2
k +D2 in δr. The above integral can be solved by saddle point
method for α′ ≪ 1. The function in the exponential has a stationary point when the function D1x2k +D2
assumes an extremal value which happens for δr = − A′tA′′t . This further simplifies
D1x
2
k +D2 ≡ D1x2k +At −
A′t
2
2A′′t
. (75)
Now at δrmaxk and δr
min
k we have
D1x
2
k +At −
A′t
2
2A′′t
= 0 (76)
which leads to
xk =
√√√√ 1
D1
(
A′t
2
2A′′t
−At
)
≡ xc. (77)
The total contribution to the imaginary part comes from ΠkIk, yielding
Im(Vqq¯) = − 1
2πα′
∫
|x|<xc
dx
√
−x2D1 −At + A
′
t
2
2A′′t
. (78)
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Integrating eq.(78), we obtain
Im(Vqq¯) = − 1
2
√
2α′
√
Bt
(
A′t
2A′′t
− At
A′t
)
. (79)
We now introduce rhrt = α,
1
α′ =
√
λ and write down the imaginary part of the qq¯ potential in a dimensionless
form as
Im(Vqq¯)√
λT
= − 1
2
√
2
√
B(α)
(
A′(α)
2A′′(α)
− A(α)
A′(α)
)
(80)
The expressions for A(α), A′(α), A′′(α) and B(α) are given in the appendix for both θ = 0 and θ = pi2 cases.
5.1 Numerical analysis and observations
We shall now proceed to numerical analysis in order to observe the effects of rapidity β, deformation paramter
C
T ans chemical potential
µ
T on the imaginary part of the qq¯ potential.
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Figure 6: Effect of rapidity β on the imaginary qq¯ potential (we set CT = 2.5,
µ
T = 1).
Fig.(6) depicts the effect of the Lorentz boost on the imaginary potential for different orientation of the qq¯
pair. In both panels, the curve for β = 0 represents the static qq¯ pair which is same in both of the plots
and also in both cases imaginary potential starts from a smaller value of LT when the rapidity β increases.
However, it is observed that Im(Vqq¯) = 0 for β = 1.2 in θ = 0 case, whereas Im(Vqq¯) 6= 0 in θ = π/2 for
the same value of β. This suggests that in case of the parallel orientation of the qq¯ pair, thermal width
vanishes at smaller value of β compared to the transverse orientation of the qq¯ pair. By comparing both
of the above plots, it is observed that the anisotropy introduced in the analysis via Lorentz boost creates a
strong suppression of the thermal width at smaller angles in the strong coupling limit.
In Fig.(7), we observe the effects of nonconformality and chemical potential on Im(Vqq¯). The plots suggest
that with the increment in the value of nonconformality parameter CT , the imaginary potential appears at
a higher value of LT . This directly suggests that nonconformality of the medium increases the distance
between q and q¯ (LT ). On the other hand, increment in the value of µT parameter forces the imaginary
potential to appear at a smaller value of LT which implies that chemical potential of the medium decreases
the distance between q and q¯ (LT ). It is known that the imaginary part of the qq¯ potential is related with
the dissociation properties of the quarkonia in the medium. This knowledge suggests that dissociation of
the quarkonia becomes easier in the presence of chemical potential in the medium whereas nonconformality
opposes the dissociation process.
The computation of the imaginary potential also enable us to comment on the possible thermal widths
associated with it. The relationship between these quantities stands to be [29]-[35]
Γ = −〈ψ|Im(Vqq¯)|ψ〉 . (81)
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Figure 7: The above plots show the effect of the chemical potential parameter µT and nonconformal parameter
C
T on the imaginary part of the qq¯ potential.
It can observed from the computed results of the imaginary potential that the enhancement of the chemical
potential µT decreases the imaginary potential which in turn supreses the thermal width. On the other hand,
increase in the value of the confining scale in the theory CT , increases the thermal width. The rapidity β
creates similar effect as the chemical potential, as it also decreases the thermal width.
6 Conclusion
We now summarize our findings. We have holographically investigated the dynamics of a moving quark-
antiquark dipole in a strongly coupled nonconformal plasma with finite quark density. We use the soft-wall
dual geometry (SWT,µ model) in which a U(1) gauge field is added in the bulk action on basis of the
AdS/CFT dictionary to provide the quark-density operator in the boundary field theory. The conformal
invariance in the dual field theory is broken by the background dilation which appears as a overall warp
factor in the metric. The QGP plasma is moving in a specific direction, namely x1 with a velocity (finite)
v < 1. The presence of the Lorentz boost (in order to probe the moving qq¯ pair), we have considered two
extreme cases of orientation for the qq¯ pair, namely, parallel and perpendicular to the direction of boost.
In the domain v < 1, the actions remains real and it leads to time-like Wilson loop. We then compute the
screening length (LT ) and the real part of the qq¯ potential for both orientations by holographically com-
puting the expectation value of the time-like Wilson loop. We observe that in case of parallel orientation of
the qq¯ dipole with respect to the direction of boost, a constraint on the turning-point exists which restricts
its domain of possible values whereas there is no constraint in case of the transverse case. It is observed
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that with increasing value of rapidity β and chemical potential parameter µT , the value of LTmax decreases
and also the binding energy of qq¯ pair (Re(Vqq¯)) reduces. However, the deformation parameter (nonconfor-
mality) CT increases the value of LTmax and also increases the value of real part of the qq¯ potential. This
observation suggests that the the chemical potential and deformation parameter effects the screening length
of the qq¯ dipole and Re(Vqq¯) in a opposite manner. We then take β → ∞ (v = 1) limit. This makes the
action imaginary and the Wilson loop light-like. By holographically computing the light-like Wilson loop
we obtain the jet quenching parameter qm. We observe that the presence of the chemical potential and
nonconformality both increases the in-medium energy loss of the moving parton. This also suggests that in
the high pT domain, both
C
T and
µ
T enhances the gluon radiation of the parton. We compare our results with
the observed values of the jet quenching in the RHIC experiments. This comparison suggests that increase
in µ and c lowers the possible allowed domain of temperature for the computed jet quenching parameter to
agree with the RHIC observed values (5 ≤ qm ≤ 15 GeV2/fm). Furthermore, we probe the strength of the
coupling in our strongly-coupled gauge theory via an order parameter K ≡ 1.25T 3qm and obtain the possible
value (minimum) for the coupling constant in order to obtain ηs ≫ K. We then proceed to compute the
imaginary part of the qq¯ potential by considering the thermal fluctuation of the string world-sheet. It is ob-
served that an increase in the value of rapidity β forces the imaginary potential to start from a smaller value
of LT . However, in case of θ = 0 (parallel orientation), imaginary potential vanishes at β = 1.2, whereas
at that particular value of β, Im(Vqq¯) 6= 0 for θ = π/2. The effect of the chemical potential parameter
µ
T is similar to rapidity as increasing
µ
T makes Im(Vqq¯) to start from a smaller value of LT . However, the
presence of nonconformality which is incorporated via the deformation parameter CT forces Im(Vqq¯) to start
from a higher value of LT . This suggests that rapidity β and chemical potential µT helps in the dissociation
process of the quarkonia and CT opposes it.
Acknowledgements
A.S. would like to acknowledge the support by Council of Scientific and Industrial Research (CSIR, Govt.
of India) for Junior Research Fellowship. S.G. acknowledges the support of the Visiting Associateship
programme of IUCAA, Pune.
Appendix
In this appendix, we write down the functions mentioned in eq.(80) by using the string action corresponding
to parallel and perpendicular orientation of the qq¯ dipole with respect to the direction of boost.
6.1 θ = pi
2
: qq¯ pair is in tranverse direction with respect to the direction of boost
Firstly, we use the string action corresponding to the perpendicular orientation of the qq¯ pair, given in
eq.(36), and substitute it in eq.(69). This leads to the following functions which arise in eq.(80).
A(α) = T 4
(
tµ
α
)4
h2(α)
[
f(α) cosh2 β − sinh2 β
]
A′(α) = T 3
[
h(α)
[
f(α) cosh2 β − sinh2 β
]
×
[
4
(
tµ
α
)3
h(α) + 2
(
tµ
α
)4
h′(α)
]
+
(
tµ
α
)4
h2(α)f ′(α) cosh2 β
]
B(α) = h2(α)
[
cosh2 β − sinh
2 β
f(α)
]
.
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A′′(α) = T 2
[
12
(
tµ
α
)2
h2(α)
[
f(α) cosh2 β − sinh2 β
]
+ 8
(
tµ
α
)3
h(α)h′(α)×
[
f(α) cosh2 β − sinh2 β
]
+4
(
tµ
α
)3
h2(α)f ′(α) cosh2 β +
[
f(α) cosh2 β − sinh2 β
]
×
[
8
(
tµ
α
)3
h(α)h′(α) + 2
(
tµ
α
)4
h′
2
+2
(
tµ
α
)4
h(α)h′′(α)
]
+ f ′(α) cosh2 β ×
[
4h2(α)
(
tµ
α
)3
+ 2
(
tµ
α
)4
h(α)h′(α)
]
+
(
tµ
α
)4
h2(α)f ′′(α) cosh2 β + 2
(
tµ
α
)4
h(α)h′(α)f ′(α) cosh2 β
]
(82)
6.2 θ = 0: qq¯ pair is in the same direction with respect to the direction of boost
Here also, we use the string action corresponding to the perpendicular orientation of the qq¯ pair, given in
eq.(18) and substitute it in eq.(69). This leads to the following functions which arise in eq.(80).
A(α) = T 4
(
tµ
α
)4
h2(α)f(α)
A′(α) = T 3
[
4h2(α)f(α)
(
tµ
α
)3
+ 2
(
tµ
α
)4
h′(α)h(α) +
(
tµ
α
)4
h2(α)f ′(α)
]
A′′(α) = T 2
[
12
(
tµ
α
)2
h2(α)f(α) + 8
(
tµ
α
)3
h(α)h′(α)f(α) + 4
(
tµ
α
)3
h2(α)f ′(α) + 8f(α)
(
tµ
α
)3
h(α)h′(α)
+2
(
tµ
α
)4
h′
2
f(α) + 2
(
tµ
α
)4
h(α)h′′(α)f(α) + 4f ′(α)h2(α)
(
tµ
α
)3
+ 2
(
tµ
α
)4
h(α)h′(α)f ′(α)
+
(
tµ
α
)4
h2(α)f ′′(α) + 2
(
tµ
α
)4
h(α)h′(α)f ′(α)
]
B(α) = h2(α)
[
cosh2 β − sinh
2 β
f(α)
]
where
h(α) = exp
[(
C
T
)2( α
tµ
)2]
; h′(α) = − 2
T
(
C
T
)2( α
tµ
)3
exp
[(
C
T
)2( α
tµ
)2]
h′′(α) =
[
4
T 2
(
C
T
)4( α
tµ
)6
+
6
T 2
(
C
T
)2( α
tµ
)4]
× exp
[(
C
T
)2( α
tµ
)2]
f(α) = 1−
(
1 +
1
3
(
µ
T
)2 1
tµ2
)
α4 +
(
1
3
(
µ
T
)2 1
tµ2
)
α6
f ′(α) =
1
T
[
4
α5
tµ
(
1 +
1
3
(
µ
T
)2 1
tµ2
)
α5 − 2
(
µ
T
)2 α7
tµ3
]
f ′′(α) =
1
T 2
[
− 20
(
1 +
1
3
(
µ
T
)2 1
tµ2
)
α6
tµ2
+ 14
(
µ
T
)2 α8
tµ4
]
.
References
[1] J.M. Maldacena.: Adv. Theor. Math. Phys. 2, 231 (1998).
[2] O. Aharony, S.S. Gubser, J.M. Maldacena, H. Ooguri, Y. Oz.: Phys. Rept. 323, 183 (2000).
[3] E. Witten.: Adv. Theor. Math. Phys. 2, 253 (1998).
[4] E.V. Shuryak.: Phys. Rep. 61 (1980) 71.
19
[5] J. Adams et al. [STAR Collaboration].: Nucl. Phys. A 757, 102 (2005).
[6] E.V. Shuryak.: Nucl. Phys. A 750, 64 (2005).
[7] K. Adcox et al. [PHENIX Collaboration].: Nucl. Phys. A 757, 184 (2005).
[8] T. Matsui and H. Satz.: Phys. Lett. B 178, 416 (1986).
[9] J.M. Maldacena.: Phys. Rev. Lett. 80, 4859 (1998).
[10] A. Brandhuber, N. Itzhaki, J. Sonnenschein, S. Yankielowicz.: Phys. Lett. B 434 (1998).
[11] S.J. Rey, S. Theisen, J.T. Yee.: Nucl. Phys. B 527, 171 (1998).
[12] Y. Kinar, E. Schreiber, J. Sonnenschein.: Nucl. Phys. B 566, 103 (2000).
[13] E. Caceres, M. Natsuume, T. Okamura.: JHEP 0610 (2006) 011.
[14] H. Liu, K. Rajagopal, U.A. Wiedemann.: Phys. Rev. Lett. 98, 182301 (2007).
[15] H. Liu, K. Rajagopal, U.A. Wiedemann.: Phys. Rev. Lett. 97, 182301 (2006).
[16] H. Liu, K. Rajagopal, U.A. Wiedemann.: JHEP 0703 (2007) 066.
[17] A. Buchel.: Phys. Rev. D 74, 046006 (2006).
[18] F.L. Lin, T. Matsuo.: Phys. Lett. B 641 (2006) 45-49.
[19] S.D. Avramis, K. Sfetsos,: JHEP 0701 (2007) 065.
[20] N. Armesto, J.D. Edelstein, J. Mas.: JHEP 0609 (2006) 039.
[21] S. Chakraborty, S. Roy.: Nucl. Phys. B 850 (2011) 463-476.
[22] S. Chakraborty, N. Haque, S. Roy.: Nucl. Phys. B 862 (2012) 650-670.
[23] S. Chakraborty, S. Roy.: Phys. Rev. D 85, 046006 (2012).
[24] C. Hoyos.: JHEP 09 (2009) 068.
[25] Z. Zhang, X. Zhu.: Eur. Phys. J. C 79, 107 (2009).
[26] Z. Zhang, K. Ma.: Eur. Phys. J. C (2018) 78:532.
[27] L. Wang, S.Y. Wu.: Eur. Phys. J. C (2016) 76:587.
[28] A. Majumder, B. Muller, X. Wang.: Phys. Rev. Lett. 99, 192301 (2007).
[29] J. Noronha, A. Dumitru.: Phys. Rev. Lett. 103, 152304 (2009).
[30] S.I. Finazzo, J. Noronha.: JHEP 11 (2013) 042.
[31] K.B. Fadafan, S.K. Tabatabaei.: Eur. Phys. J. C (2014) 74:2842.
[32] K.B. Fadafan, S.K. Tabatabaei.: J. Phys. G: Nucl. Part. Phys. 43 (2016) 095001.
[33] M.A. Akbari, D. Giataganas, Z. Rezaei.: Phys. Rev. D 90, 086001 (2014).
[34] Z. Zhang, D. Hou , G. Chen.: J. Phys. G: Nucl. Part. Phys. 44 (2017) 115001.
[35] N.R.F. Braga, L.F. Ferreira.: Phys. Rev. D 94, 094019 (2016).
[36] P. Colangelo, F. Giannuzzi, S. Nictotri.: Phys. Rev. D 83, 035015 (2011).
20
[37] O. Andreev, V.I. Zakharov.: Phys. Rev. D 74, 025023 (2006).
[38] E. Nakano, S. Teraguchi.: Phys. Rev. D 75, 085016 (2007).
[39] X. Chen, S. Feng, Y. Shi, Y. Zhong.: Phys. Rev. D 97, 066015 (2018).
[40] Z. Zhang, X. Zhu.: Phys. Lett. B 793 (2019) 200-205.
[41] H. Liu, K. Rajagopal, Y. Shi.: JHEP 08 (2008) 048.
[42] R. Baier, YuL Dokshitzer, A.H. Mueller, S. Peigne, D. Schiff.: Nucl. Phys. B 483, 291 (1997).
[43] K.F. Eskola, H. Honkanen, C.A. Salgado, U.A. Wiedemann.: Nucl. Phys. A 747, 511 (2005).
[44] A. Dainese, C. Loizides, G. Paic.: Eur. Phys. J. C 38, 461 (2005).
[45] A. Buchel, J.T. Liu, A.O. Starinets.: Nucl. Phys. B 707 (2005) 56-68.
21
